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ABSTRACT 


The  spectral  reflectances  of  water  and  carbon  dioxide  cryodeposits 
were  measured  in  a  vacuum  integrating  sphere  as  a  function  of  angle  of 
incidence,  substrate  material,  and  cryodeposit  thickness.  Both 
Cat-a-lac®  black  paint  and  a  polished  copper  surface  were  used  as  sub¬ 
strates.  Measurements  were  made  for  wavelengths  between  0.36  and 
1.  15  p  .  Cryodeposit  thicknesses  ranging  from  0  to  2.  5  mm  were 
investigated.  For  large  cryodeposit  thickness,  the  reflectance  was,  in 
general,  increased  considerably,  especially  for  a  Cat-a-lac  black  sub¬ 
strate.  For  thin  cryodeposit  thicknesses  of  less  than  10  p  ,  interference 
patterns  were  observed.  A  computer  program  was  written  to  calculate 
the  energy  reflected  from  cryodeposits  for  6000^  blackbody  irradiation. 
The  reflectance  data  obtained  in  the  present  experiments  may  be  useful 
for  application  to  thermal  models  of  planetary  surfaces  such  as  those  of 
Mars  and  Venus. 
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SECTION  I 
INTRODUCTION 


3n  recent  years  the  field  of  aerospace  simulation  has  increased 
steadily  in  degree  of  complexity.  Attempts  are  being  made  to  simulate 
nearty  every  known  aspect  of  the  space  environment.  Some  of  the  factors 
being  considered  are  the  vacuum  environment,  solar  and  particulate 
radiation,  micrometeoroids,  and  the  radiative  heat  sink  of  the  star  back¬ 
ground.  This  latter  factor  is  approximately  equivalent  to  a  4°K  black- 
body.  At  present,  thermal  radiation  and  vacuum  are  the  environments 
most  often  simulated  in  space  chambers.  It  may  be  readily  shown  that 
chamber  walls  maintained  at  liquid-nitrogen  (LN2)  temperature  (77°K) 
closely  approximate  the  4°K  radiative  temperature  of  space  for  most 
thermal  balance  test  purposes.  These  walls  are  coated  with  black  paint 
to  maximize  the  absorption  of  radiation  incident  on  them,  since  in  space 
any  radiation  leaving  the  vehicle  never  returns.  However,  the  77°K 
walls  will  cryopump  condensable  gases  present  in  the  chamber,  thereby 
forming  frosts  on  the  black  surfaces.  These  frosts  will  alter  the  wall 
reflectance.  For  accurate  heat  balance  measurements,  this  change  in 
wall  reflectance  must  be  considered.  Since  water  (H2O)  and  carbon 
dioxide  (CO2)  will  be  the  most  abundant  condensable  gases,  the  reflec¬ 
tances  of  these  frosts  are  of  most  importance. 

In  addition  to  space  simulation  considerations,  the  visible  and  near- 
infrared  spectral  reflectances  of  H2O  and  CO2  frosts  are  also  of  interest 
in  determining  planetary  environments.  In  particular,  the  optical  charac¬ 
teristics  of  these  frosts  are  useful  in  analyses  of  the  polar  caps  of  Mars 
and  the  clouds  of  Venus  (Refs.  1,  2,  and  3).  Since  the  frosts  considered 
in  this  investigation  were  formed  under  conditions  comparable  to  these 
planetary  environments,  the  results  presented  here  may  be  helpful  in 
planetary  studies. 

This  report  presents  the  reflectances  of  H2O  and  CO2  cryodeposits 
as  a  function  of  wavelength,  angle  of  incidence,  substrate  material,  and 
cryodeposit  thickness.  The  wavelength  range  considered  was  from  0.36 
to  1,  15  fji  .  Approximately  71  percent  of  the  total  energy  from  a  6000°K 
blackbody  lies  in  this  wavelength  region.  The  H2O  and  CO2  deposits  were 
formed  on  a  surface  coated  with  Cat-a-lac®  black  paint  and  on  a  polished 
copper  surface.  The  reflectances  were  measured  for  angles  of  incidence 
of  near  normal,  20,  40,  and  60  deg.  It  was  found  in  all  cases  that  the 
reflectance  of  the  cryodeposit-substrate  complex  was  quite  different  from 
that  of  the  bare  substrate.  In  particular,  cryodeposits  formed  on  a  black 
surface  increased  the  reflectance  by  a  factor  of  from  10  to  20,  depending 
on  the  angle  of  incidence,  deposit  thickness,  and  wavelength  considered. 
The  reflectance  data  obtained  were  used  in  a  computer  program  to  calcu¬ 
late  the  spectral  distribution  and  total  amount  of  6000°K  blackbody  energy 
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reflected  from  cryodeposits.  The  total  reflectance  was  computed  for  the 
wavelength  range  from  0.  36  to  1.  L5  p  and  allows  a  comparison  with  total 
reflectance  measurements  obtained  earlier  (Ref.  4). 


SECTION  II 

TECHNIQUE  OF  REFLECTANCE  MEASUREMENTS 


The  reflectance  measurements  were  made  using  a  vacuum  integrat¬ 
ing  sphere.  Normally,  an  integrating  sphere  is  operated  at  atmospheric 
conditions.  However,  since  the  cryodeposits  of  interest  are  formed  in 
a  vacuum,  the  reflectance  should  be  measured  in  situ  to  obtain  meaning¬ 
ful  results.  Also,  the  vacuum  reduces  the  gas  impurity  level  and  may 
affect  the  crystalline  form  of  the  deposit.  No  appreciable  change  in  the 
reflectance  of  the  magnesium  oxide  (MgO)  coating  was  noted  in  going 
from  atmospheric  pressure  down  to  10- 7  torr. 

The  monochromatic  directional  reflectance  measured  in  the  vacuum 
integrating  sphere  was  obtained  by  the  angular-hemispherical  technique 
illustrated  in  Fig.  1.  Radiation  within  a  differential  solid  angle  Auj 
enters  the  sphere  (Fig.  2)  and  is  incident  on  the  test  surface  at  an  angle 
^  measured  from  the  normal,  N.  The  energy  reflected  strikes  the  MgO- 
coated  hemisphere  facing  the  test  surface  and  is  then  reflected  diffusely 
throughout  the  sphere.  After  multiple  reflections  within  the  sphere,  the 
intensity  at  the  wall  is  measured  by  a  detector.  The  test  surface  is  then 
rotated  180  deg  so  that  the  radiation  entering  the  sphere  is  incident  on  the 
MgO  coating  on  the  back  side  of  the  test  surface.  The  energy  reflected 
from  this  MgO  surface  is  similarly  measured  by  the  detector  and  is  taken 
as  a  reference.  For  both  sample  and  reference  measurements,  the 
detector  does  not  view  the  first  reflection.  Using  the  two  detector  read¬ 
ings,  Bs  and  BMgO,  the  reflectance  of  the  test  surface,  ps,  compared  to 
the  MgO  surface  reflectance,  PMgO’  can  be  determined  from  the  equation 


PMgO  BMgO 

From  Eq.  (1)  it  can  be  seen  that  the  ratio  of  Bs  to  BMgO  gives  the 
sample  reflectance  relative  to  the  MgO  reflectance.  All  reflectance 
results  in  this  report  are  presented  as  relative  measurements.  How¬ 
ever,  the  reflectance  of  MgO  is  near  unity  (from  0.  95  to  0.  98)  over  the 
wavelength  range  investigated,  and  hence  the  relative  reflectance  values 
can  be  interpreted  as  approximate  absolute  values. 
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SECTION  III 
APPARATUS 


A  schematic  diagram  and  sketch  of  the  integrating  sphere  system 
are  shown  in  Figs.  2  and  3.  The  integrating  sphere  consisted  of  two 
flanged  hemispheres  which  were  vacuum  sealed  by  an  O-ring.  They 
were  coated  internally  with  MgO  approximately  between  1  and  2  mm 
thick.  The  sphere  has  five  entrance  ports  which  account  for  about 
3  percent  of  the  total  sphere  surface  area.  These  ports  accommodate 
the  vacuum  pump,  detector,  cryosurface,  incident  radiation,  and 
visual  observation. 

The  pumping  system  consisted  of  an  ion  pump  and  a  4 -in.  -diam  oil 
diffusion  pump  equipped  with  a  UNf2-cooled  cold  cap  and  backed  by  a 
mechanical  pump.  The  ion  pump  minimizes  the  possibility  of  oil  back- 
streaming.  The  test  cryosurface  will  also  pump  gases  that  will  con¬ 
dense  on  a  77°K  surface,  but  it  was  not  used  for  pumpdown  of  the  cham¬ 
ber.  A  thermocouple  gage  and  an  ionization  gage  were  used  to  measure 
the  pressure  in  the  system. 


The  cryosurface  was  a  hollow  rectangular  copper  block  of  outside 
dimensions  1  by  1-1/2  by  2-1/2  in.  and  was  cooled  by  circulating  TN2 
through  it.  The  LN2  transfer  line  between  the  cryosurface  and  external 
LN2  supply  was  vacuum  jacketed  to  prevent  cryodeposits  from  forming  on 
it.  One  of  the  1-1/2-  by  2-l/2-in.  sides  of  the  cryosurface  was  used  as 
a  test  surface.  It  was  either  coated  with  Cat-a-lac  black  paint  or  was 
just  the  bare  polished  copper  surface.  The  reverse  side  of  the  cryosurface 
was  coated  with  MgO  approximately  2  mm  thick  and  was  used  as  the  MgO 
reference  surface.  Since  the  cryosurface  could  be  rotated  through  270  deg, 
it  was  possible  to  illuminate  either  side.  This  also  allowed  reflectance 
measurements  to  be  made  as  a  function  of  angle  of  incidence  of  the  light 
beam  on  the  test  surface.  The  test  surface  was  irradiated  with  monochro¬ 
matic  light,  using  a  tungsten-iodine  (W- I)  lamp  and  a  prism  monochromator. 
Radiation  intensity  on  the  sphere  wall  was  detected  by  a  photomultiplier 
tube  having  an  S-l  response. 


To  control  the  test  gas,  H2O  or  CO2,  entry  into  the  chamber,  a 
calibrated  flow  rate  was  required.  The  water  (gaseous)  addition  sys¬ 
tem,  shown  in  Fig.  4a,  consisted  primarily  of  a  boiler,  condenser, 
surge  tank.,  and  a  rotameter  (flowmeter).  This  system  was  first  evacu¬ 
ated  by  means  of  a  mechanical  pump.  The  forepressure  of  the  system 
was  provided  by  the  vapor  pressure  of  the  distilled  water  in  the  boiler. 
Water  circulating  through  the  condenser  kept  the  distilled  water  in  the 
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boiler  at  constant  temperature.  Also,  the  condenser  prevented  any 
liquid  from  going  into  the  chamber,  thereby  ensuring  a  flow  of  only 
water  vapor.  The  surge  tank  helped  to  maintain  an  essentially  con¬ 
stant  forepressure  for  the  rotameter.  This  precaution  was  necessary 
since  the  calibration  curve  for  the  mass  flow  rate  versus  forepressure 
is  nonlinear. 

The  CO2  gas  addition  system  was  simpler  than  the  H2O  system 
and  is  shown  in  Fig.  4b.  In  this  system,  a  standard  leak  was  used 
to  introduce  commercially  pure  CO2  into  the  chamber.  The  leak  rate 
was  varied  by  using  different  standard  leaks.  For  both  CO2  and  H2O 
gas  addition  systems,  the  mass  flow  rate  was  of  the  order  of  10~3 
gm/sec.  The  test  gas  entered  the  integrating  sphere  through  the  pump 
port  (Fig.  3). 


SECTION  IV 
PROCEDURE 


Prior  to  each  experiment,  the  interior  of  the  integrating  sphere  was 
cleaned  and  recoated  with  MgO  by  burning  magnesium  ribbon  below  each 
hemisphere.  In  this  way  a  freshly  prepared  MgO  coating,  from  1  to  2  mm 
thick,  was  always  used.  The  cryosurface  was  also  coated  with  MgO 
except  for  the  face  used  for  the  test  surface.  Since  these  MgO  coatings 
were  very  fragile,  the  system  had  to  be  pumped  down  gradually.  The  sys¬ 
tem  pressure  was  slowly  reduced  by  use  of  a  mechanical  pump.  When  the 
pressure  was  approximately  10  p  ,  the  diffusion  pump  was  started.  After 
the  pressure  in  the  chamber  had  been  reduced  to  10“5  torr,  the  ion  pump 
was  started,  and  the  diffusion  pump  valved  off.  Pumping  continued  until 
the  pressure  leveled  off  at  about  10-7  torr,  which  usually  required  two  or 
three  days.  With  the  system  at  equilibrium  and  the  test  surface  at  room 
temperature  (300°K),  reflectance  measurements  were  made  as  a  function 
of  wavelength  and  angle  of  incidence.  After  completion  of  these  measure¬ 
ments,  the  LN2  flow  was  started  and  the  test  surface  cooled  to  near  77°K. 
In  some  instances,  the  test  surface  reflectance  was  monitored  during 
cooldown.  After  the  surface  temperature  dropped  to  approximately  77°K 
the  ion  pump  was  shut  off.  The  test  gas  was  then  admitted  to  the  system 
and  pumped  by  the  cryosurface.  After  a  specified  time  interval,  the  flow 
was  stopped  and  the  reflectance  measurements  were  made.  After  com¬ 
pleting  these  measurements,  the  flow  of  test  gas  into  the  system  was 
resumed.  This  procedure  was  continued  until  a  cryodeposit  thickness  of 
from  1  to  2  mm  was  obtained.  Other  investigations  on  cryodeposits  have 
shown  little  effect,  if  any,  because  the  deposits  were  formed  in  layers. 
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The  pressure  in  the  chamber  during  deposition  varied  from  approxi¬ 
mately  10  to  500  fj.  .  This  depended  on  the  flow  rate,  the  species  of  the 
test  gas,  and  the  thickness  of  the  cryodeposit  which  had  already  been 
formed.  The  flow  rates  used  for  CO2  were  2.4  x  10_3  and  2.  6  x  10~4 
gm/sec.  Three  flow  rates  were  employed  for  water:  1.44  x  10-3, 
1.01xl0_3,  and  0.82  x  10'3  gm/sec.  For  a  given  gas  species  and 
flow  rate,  the  chamber  pressure  increased  with  deposit  thickness, 
which  indicates  that  there  was  a  decrease  in  the  capture  coefficient  for 
increasing  deposit  thickness.  Each  time  before  the  reflectance  meas¬ 
urements  were  made,  the  diffusion  pump  was  used  to  pump  out  those 
gases  in  the  chamber  which  had  not  condensed  on  the  77°K  surface. 

An  approximate  method  was  used  to  determine  the  cryodeposit 
thickness  since  this  quantity  was  not  directly  measurable.  The  average 
thickness,  J0av,  was  calculated  from  the  following  equation 


where  m  is  the  mass  flow  rate  of  the  test  gas,  t  is  the  time  of  flow,  Ac 
is  the  surface  area  of  the  cryosurface  (94.  6  cm2),  and  D  is  the  density 
of  the  cryodeposit.  The  thickness  calculated  represents  an  average 
thickness  because  of  edge  effects.  Also,  the  density  of  the  cryodeposit 
is  not  accurately  known.  For  H2O  cryodeposits,  the  density  wras  taken 
to  be  0.  9  gm/cm^  (Ref.  5)  whereas,  for  CO2  cryodeposit,  a  density  of 
1.5  gm/ cm3  (Refs.  5  and  6)  was  used.  Actually,  the  cryodeposit  density 
is  probably  variable  because  of  the  many  crystalline  forms  possible  for 
H2O  and  CO2  frosts.  The  crystalline  forms  may  depend  on  the  test  gas 
flow  rate,  the  pressure  in  the  chamber  during  deposition,  and  the  local 
cryodeposit  thickness. 


SECTION  V 

RESULTS  AND  DISCUSSION 


5.1  EXPERIMENTAL  RESULTS 


5.1.1  H2O  Cryodeposits 

The  reflectance  for  H2O  cryodeposits  formed  on  a  Cat-a-lac  black 
painted  surface  is  shown  in  Figs.  5  through  8.  A  flow  rate  of  1.01  x  10“3 
gm/sec  water  vapor  was  used  for  these  experiments.  Figures  5  through 
8  are  for  angles  of  incidence  of  0,  20,  40,  and  60  deg,  respectively.  In 
these  and  subsequent  figures,  some  curves  are  labeled  77°K  Uav  =  0.0  mm) 
and/or  300°K  (£av  =  0.0  mm).  These  are  the  spectral  reflectance  curves 
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for  the  test  surface  at  the  designated  temperature  prior  to  admitting 
any  test  gas  to  the  chamber.  It  should  be  noted  that  even  though 
iav  =  0.0  mm  is  designated  on  the  77°K  curves  there  is  a  very  thin  cryo- 
deposit  film  present  on  the  test  surface  caused  by  cryopumping  of  residual 
gases  in  the  system.  Reflectance  measurements  are  shown  for  cryo- 
depositthicknessesofO.il,  0.22,  0.33,  0.44,  0.88,  and  1.  32  mm.  As 
observed  previously  for  CO2  (Ref.  7),  the  reflectance  at  shorter  wave¬ 
lengths  increases  most  rapidly  with  deposit  thickness  until  a  thickness 
of  approximately  0.  25  mm  is  attained.  When  the  cryodeposit  thickness 
increases  further,  the  spectral  reflectance  curve  begins  to  flatten  out 
and  reaches  a  plateau  near  100  percent  depending  on  the  wavelength  and 
angle  of  incidence.  (Note:  These  measurements  are  relative  to  the 
reflectance  of  MgO. )  The  sharp  increase  in  reflectance  at  the  shorter 
wavelengths  (for  small  thicknesses)  indicates  that  some  form  of 
wavelength- dependent  scattering  is  occurring.  As  the  deposit  thickness 
increases,  internal  scattering  becomes  the  predominant  factor. 

Reflectance  measurements  were  also  made  for  H2O  cryodeposits 
formed  at  other  flow  rates  on  both  Cat-a-lac  black  and  polished  copper. 

The  reflectance  for  HgO  deposits  formed  on  Cat-a-lac  black  at  the  flow 
rate  of  1.  44  x  10"3  gm/sec  is  presented  in  Fig.  9.  These  reflectance 
curves  are  quite  different  from  the  previous  ones.  Most  noticeable  is 
the  strong  absorption  region  which  occurs  in  the  wavelength  range  from 
0.8  to  1.  1  ju  .  This  difference  is  thought  to  be  caused  by  the  larger  flow 
rate  resulting  in  the  deposit  being  formed  at  higher  pressure.  As  can 
be  seen  from  Fig.  10,  this  strong  absorption  region  was  also  observed 
for  H2O  deposits  formed  on  a  polished  copper  substrate.  The  flow  rate 
used  in  forming  these  deposits  was  again  1.  44  x  10~3  gm/sec.  It  is  noted 
from  Fig.  10  that  the  reflectance  of  copper  varies  considerably  with 
wavelength  in  the  visible  and  near  infrared.  At  the  short  wavelengths, 
the  reflectance  is  low.  but  it  increases  sharply  at  approximately  0.55  fj. 
and  attains  a  high  value  at  the  longer  wavelengths.  It  was  observed  that 
the  presence  of  water  cryodeposit  on  copper  increased  the  reflectance  at 
short  wavelengths  but  greatly  reduced  the  reflectance  in  the  range  from  0.  8 
to  1.1  fJ. 

In  Fig.  11,  the  reflectance  is  presented  for  an  H2O  deposit  formed 
on  polished  copper  at  a  flow  rate  of  0.82  gm/sec  which  is  less  than  the 
flow  rate  of  Fig.  10  (1.44  x  10 -3  gm/sec).  Similar  to  the  results  of 
Figs.  5  through  8,  no  strong  absorption  region  was  observed  for  the 
cryodeposits  formed  at  this  low  flow  rate.  It  is  noted  in  Fig.  11  that  the 
spectral  reflectance  of  the  bare  polished  copper  is  substantially  less 
than  the  value  presented  earlier  in  Fig.  10,  This  is  because  the  copper 
surface  was  not  as  highly  polished  for  the  latter  set  of  experiments.  It 
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is  also  observed  in  Fig.  11  that  for  a  deposit  thickness  of  0.  77  mm  the 
reflectance  is  substantially  increased  at  all  wavelengths.  However,  the 
greatest  increase  still  occurs  in  the  short  wavelength  region. 

The  difference  in  the  two  types  of  reflectance  curves  obtained  for 
H2O  cryodeposits  can  probably  be  attributed  to  the  size  of  the  particles 
or  crystals  formed  at  the  two  different  flow  rates  or  chamber  pressures. 
Dunkle  and  Bevans  (Ref.  8)  predicted  a  similar  phenomenon  for  the 
spectral  reflectance  of  snow  cover.  Their  theoretical  results  indicated 
an  increase  in  absorption  for  increasing  particle  sizes  with  most  of  the 
absorption  occurring  in  the  wavelength  range  from  0.  8  to  1.  1  (jl  .  In  the 
present  study,  different  crystalline  forms  were  visually  observed  for 
cryodeposits  formed  under  similar  experimental  conditions.  Most  of 
the  deposits  were  much  like  a  white  frost.  However,  in  one  experiment 
the  deposit  formed  in  two  distinctly  different  layers  even  though  the  flow 
rate  was  held  constant  throughout  at  0.  82  x  10~3  gm/sec.  One  layer  (the 
outer)  had  the  usual  white  frost  appearance  while  the  other  layer  (the 
inner)  was  composed  of  small  transparent  crystals.  For  this  particular 
cryodeposit,  the  reflectance  (Fig.  12)  did  not  increase  rapidly  with  thick¬ 
ness.  At  a  thickness  of  1.  17  mm,  the  reflectance  was  still  below  40  per¬ 
cent,  and  the  large  reflectance  increase  only  began  when  the  deposit 
started  forming  like  white  frost.  In  general,  the  reflectance  of  the  H2O 
deposits  varied  considerably  from  one  experiment  to  the  next,  and  duplica¬ 
tion  of  any  one  deposit  was  difficult. 


5.1.2  CO2  Cryodeposits 

The  spectral  reflectance  CO2  cryodeposits  on  a  Cat-a-lac  black  sub¬ 
strate  was  previously  measured  over  the  visible  wavelength  range  (Ref.  7). 
In  the  present  study,  these  spectral  measurements  were  extended  out  to  a 
wavelength  of  1.  15  p  and  both  Cat-a-lac  black  and  polished  copper  sub¬ 
strates  were  employed.  The  spectral  reflectance  of  a  CO2  deposit  on 
Cat-a-lac  black  is  presented  in  Figs.  13  through  16  for  angles  of  incidence 
of  0,  20,  40,  and  60  deg,  respectively.  The  general  shapes  of  the  reflec¬ 
tance  curves  for  CO?  cryodeposits  are  very  similar  to  those  obtained  for 
the  H2O  cryodeposits  when  no  strong  absorption  regions  were  present 
(Figs.  5  through  8).  It  is  also  seen  that,  similar  to  the  results  for  H20.. 
the  presence  of  a  CO2  cryodeposit  on  a  Cat-a-lac  black  surface  increases 
the  reflectance  greatly.  For  example,  in  Fig.  13  the  reflectance  with  a 
thick  (1.  83-mm)  deposit  present  ranges  from  approximately  75  down  to 
60  percent.  It  should  be  noted,  however,  that,  for  a  given  deposit  thick¬ 
ness  and  angle  of  incidence,  the  reflectance  of  a  CO2  cryodeposit 
(Figs.  13  through  16)  is  substantially  less  than  that  of  H2O  cryodeposits 
(Figs.  5  through  8). 
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In  Fig.  17,  the  spectral  reflectance  of  a  CO2  deposit  on  polished 
copper  is  presented  for  an  angle  of  incidence  of  20  deg.  It  is  noted 
that  even  for  thick  deposits  the  effect  of  the  copper  substrate  reflec¬ 
tance  is  still  present  at  wavelengths  greater  than  about  0.  55  p. 

In  general,  it  was  found  that  the  CO2  deposit  reflectance  increased 
more  with  angle  of  incidence  than  did  the  H2O  deposit  reflectance.  This 
would  imply  that  H2O  deposits  reflect  more  diffusely  than  do  C02 
deposits.  However,  some  of  the  CO2  deposits  were  observed  to  have 
directionally  oriented  "pinholes.  "  It  was  possible  to  see  the  substrate 
through  these  pinholes  even  though  the  deposit  was  as  much  as  2  mm 
thick.  No  such  pinholes  were  observed  in  the  H2O  deposits.  This  dif¬ 
ference  in  the  structure  of  the  CO2  acid  H2O  cryodeposits  could  partially 
explain  the  greater  dependence  of  the  CO2  reflectance  on  angle  of  inci¬ 
dence.  Thus,  the  reflectance  of  the  CO2  deposits  may  be  determined 
not  only  by  the  absorption  and  scattering  properties  of  the  CO2  frost  but 
by  the  geometrical  formation  properties  as  well. 


5.2  REFLECTANCE  MEASUREMENTS  OF  THIN  CRYODEPOSIT  FILMS 

It  is  noted  in  Fig.  9  that  the  reflectance  was  measured  for  an  H2O 
cryodeposit  which  was  only  0.  020  mm  (20  t u)  thick.  For  this  cryodeposit 
thickness,  the  reflectance  is  about  one -half  that  of  the  bare  Cat-a-lac 
black  surface.  Over  most  of  the  wavelength  range  the  reflectance  is 
reduced  from  approximately  4.  0  down  to  2.  0  percent.  A  similar  reduc¬ 
tion  in  reflectance  was  observed  during  cooldown  of  the  cryosurface. 

This  phenomenon  occurred  even  though  no  test  gas  was  introduced  into 
the  system.  An  illustration  of  this  effect  is  shown  in  Fig.  18  where  the 
reflectance  is  plotted  as  a  function  of  the  time  after  initiation  of  LN2 
flow  through  the  cryosurface.  These  results  were  obtained  using  incident 
radiation  of  0.  52-^  wavelength.  The  same  effect  was  also  observed  for  a 
polished  copper  substrate.  This  reduction  in  reflectance  is  produced  by 
a  very  thin  film  of  H2O  or  CO2  cryodeposit  which  forms  on  the  test  sur¬ 
face.  These  cryodeposits  are  formed  from  residual  gases  which  are  still 
present  in  the  chamber  at  a  pressure  of  10“  ?  torr.  This  reflectance 
reduction  effect  is  similar  to  the  "lens  coating"  effect  (Ref.  9)  where  a 
film  of  thickness  A/4n  is  deposited  on  the  surface  of  a  lens  to  reduce 
reflection  losses.  In  the  relation  A/4n,  A  is  the  wavelength  of  the  inci¬ 
dent  radiation  and  n  is  the  refractive  index  of  the  film. 

In  Fig.  19,  a  vivid  illustration  is  given  of  how  thin  cryodeposit  films 
affect  the  surface  reflectance.  These  results  were  obtained  by  monitoring 
the  reflectance  of  a  polished  copper  cryosurface  as  a  function  of  time.  As 
noted,  the  reflectance  of  the  surface  prior  to  cooldown  was  45  percent. 
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Both  during  and  after  cooldown  the  surface  cryopumped  residual  gases 
that  were  still  present  in  the  chamber.  Thus,  a  very  thin  cryodcposit 
formed  on  the  polished  copper  surface  and  this  caused  the  reflectance 
to  decrease  to  approximately  36  percent.  When  the  test  gas  (CO2) 
flow  was  started  (t  =  0),  the  reflectance  immediately  went  through  a 
series  of  successive  minima  and  maxima  as  shown.  Since  test  gas  flow 
time  determines  deposit  thickness,  the  resulting  curve  for  t  k  0  can  be 
interpreted  as  the  variation  of  reflectance  with  cryodeposit  thickness. 

A  thickness  scale  determined  from  Eq.  (2)  is  also  given  on  the  figure. 
This  particular  reflectance  variation  was  obtained  using  near-normal 
incident  radiation  of  0.  52-^  wavelength.  The  angle  of  incidence  was 
5  deg  since  for  normal  incidence  the  radiation  would  be  reflected  back 
through  the  entrance  port.  Similar  reflectance  patterns  were  observed 
for  other  angles  of  incidence  and  other  wavelengths  and  also  for  H2O 
deposits  on  both  Cat-a-lac  black  and  copper  substrates. 


The  reflectance  patterns  observed  in  Fig.  19  result  from  interfer¬ 
ence  phenomena  which  are  generated  by  the  presence  of  thin  cryodeposits 
on  the  substrate  surface.  When  the  interference  between  reflected  light 
rays  is  destructive,  minima  are  observed  in  the  reflectance  curve 
(Refs.  9  and  10).  For  any  particular  angle  of  incidence,  the  film  thick¬ 
nesses  corresponding  to  these  reflectance  minima  are  given  by  the 
relation 

,  _  (m  +  1/2) A 

2n  cos  8  '  (3) 


where  d  is  the  thickness,  m  =  0,  1,  2,  .  .  .  is  the  order  of  the  interfer¬ 
ence,  and  0'  is  the  angle  of  refraction.  If  the  interference  between 
reflected  light  rays  is  constructive,  maxima  are  observed  in  the  reflec¬ 
tance  curve.  The  film  thicknesses  corresponding  to  these  reflectance 
maxima  are  given  by  the  expression 


d  = 


niA 

2n  cos  d ' 


(4) 


Equations  (3)  and  (4)  were  derived  under  the  assumption  that  the  refrac¬ 
tive  index  of  the  deposit  layer  is  less  than  that  of  the  substrate.  It  was 
also  assumed  that  the  phase  shift  is  180  deg  when  radiation  is  reflected 
on  passing  from  a  low  refractive  index  region  to  a  higher  one. 


From  the  equation  of  the  reflectance  minima,  it  is  shown  that  for 
normal  incidence  the  deposit  thickness  may  be  determined  from  the 
relation 

d  _  (2m  +  i)  A  (5) 

4n 
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Thus,  by  knowing  refractive  index  of  the  deposit,  it  is  possible  to  utilize 
this  interference  phenomenon  for  in  situ  optical  thickness  measurements 
of  thin  cryodeposit  films.  Efforts  are  currently  being  made  to  deter¬ 
mine  the  refractive  index  and  in  situ  thicknesses  of  CO2  cryodeposits. 


5.3  COMPUTER  RESULTS 

Once  the  spectral  reflectance  of  cryodeposits  has  been  measured 
over  the  wavelength  range  from  0.  36  to  1.  15  p,  the  reflected  solar  energy 
may  be  determined  for  the  same  wavelength  range.  This  result  can  be 
used  as  a  quantitative  estimate  of  the  solar  radiation  reflected  from  cryo¬ 
deposits  on  space  chamber  walls.  With  this  in  mind,  a  computer  program 
was  written  to  calculate  the  total  cryodeposit  reflectance  for  incident  solar 
radiation  from  0.  36-  to  1.  15-p  wavelength.  The  spectral  energy  distribu¬ 
tion  used  for  the  solar  irradiation  was  that  of  a  6000°K  blackbody  emitter. 

In  setting  up  the  numerical  calculation  procedure,  the  wavelength  range 
from  0.  36  to  1.  15  p  was  divided  into  approximately  3  5  intervals.  These 
intervals  were  determined  by  adjacent  points  on  the  cryodeposit  reflec¬ 
tance  curve.  In  each  interval,  an  average  reflectance  was  determined. 
Using' the  technique  described  in  Appendix  II,  the  incident  energy  in  each 
wavelength  interval  was  computed  from  the  energy  distribution  of  a  6000°K 
blackbody.  The  energy  reflected  in  each  interval  was  found  from  the 
product  of  the  average  reflectance  and  the  incident  energy.  The  total 
energy  reflected  was  found  by  summing  up  the  reflected  energy  for  all 
wavelength  intervals.  This  value  of  the  total  reflected  energy  divided  by 
the  total  incident  energy  in  the  wavelength  range  from  0.36  to  1.  15  p 
gives  the  total  reflectance  of  solar  radiation  in  the  visible  and  near- 
infrared  regions.  Wavelength  distribution  curves  are  shown  in  Fig.  20 
for  the  reflected  radiation  from  H2O  and  CO2  cryodeposits  1.  83  mm  thick 
formed  on  a  Cat-a-lac  black  substrate.  These  curves  were  calculated 
considering  a  6000°K  blackbody  as  the  source  and  using  the  spectral  reflec¬ 
tance  measurements  for  normal  incidence  (5b  =  0  deg)  radiation. 

The  computer  program  was  used  for  obtaining  the  total  reflectance 
of  both  H2O  and  CO2  cryodeposits  formed  on  a  Cat-a-lac  black  substrate. 

In  both  cases,  the  angle  of  incidence  of  the  i-adiation  was  0  deg  (normal 
to  the  surface).  For  a  1.  83-mm  H2O  deposit  with  significant  absorption, 
the  calculated  total  reflectance  was  80  percent.  The  spectral  reflectance 
of  this  particular  deposit,  but  for  an  angle  of  incidence  of  20  deg,  is 
shown  in  Fig.  9,  For  a  CO2  deposit  of  1.83  mm,  the  calculated  total 
reflectance  was  67  percent.  The  spectral  reflectance  for  this  deposit  is 
shown  in  Fig.  13.  When  the  calculated  value  for  the  total  reflectance  of 
CO2  deposit  is  compared  with  the  experimental  value  of  the  total  reflec¬ 
tance  as  measured  in  Ref.  4  (approximately  68  percent),  the  two  values 
are  approximately  the  same,  even  though  the  two  methods  should  not  be 
expected  to  yield  the  same  values. 
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In  addition  to  the  calculated  total  reflectance  of  cryodeposits,  the 
computer  results  also  indicated  that  9  percent  of  the  radiant  energy 
flux  from  a  6000°K  blackbody  is  of  wavelengths  less  than  0.  36  jj., 

71  percent  is  in  the  wavelength  range  from  0.  36  to  1.  15  ju,  and  20  per¬ 
cent  is  of  wavelengths  greater  than  1*  15  n. 


SECTION  VI 

PLANETARY  ENVIRONMENT  STUDIES 


The  radiative  properties  of  frosts  are  of  interest  in  regard  to  the 
planetary  atmospheres  of  Mars  and  Venus,  Recently,  Leighton  and 
Murray  (Ref.  1)  proposed  a  thermal  model  of  the  Martian  surface  which 
correlated  the  surface  pressure  and  temperature  with  the  radiative  prop¬ 
erties  of  the  Martian  soil  and  polar  caps.  In  this  model,  the  solar 
reflectances  of  the  soil  and  polar  caps  were  assumed  to  be  0.  15  and 
0.65,  respectively.  The  authors  stated  that  they  were  not  aware  of  any 
published  solar  reflectance  data  for  CO2  and  H2O  frosts  formed  under 
simulated  Martian  conditions.  After  viewing  this  statement,  the  environ¬ 
mental  conditions  used  in  the  present  experiments  were  compared  with 
current  estimates  of  the  environmental  conditions  on  Mars.  This  com¬ 
parison  led  to  the  conclusion  that  the  formation  of  CO2  and  H2O  frosts 
on  the  Cat-a-lac  black  surface  in  the  present  experiments  approximates 
the  formation  of  CO2  and  H2O  frosts  on  the  Martian  surface.  In  both 
cases,  the  deposits  are  formed  on  a  poor  reflector  at  low  pressures. 

The  pressure  on  Mars  is  thought  to  be  between  5  and  10  mb  depending 
on  the  time  of  the  year  (Ref.  11).  In  the  present  experiments,  the 
deposits  were  formed  at  pressures  ranging  from  0.  1  to  0.  5  mb  and,  as 
mentioned  previously,  the  deposit  formation  may  depend  on  the  surround¬ 
ing  pressure.  As  noted  in  Fig.  13  for  near-normal  irradiation,  the 
reflectance  of  thick  (1.  83 -mm)  CO2  frost  on  Cat-a-lac  black  decreases 
from  about  75  percent  at  the  shorter  wavelengths  to  60  percent  at  the 
longer  wavelengths.  For  thick  H2O  frosts  formed  at  the  higher  flow  rates 
on  a  Cat-a-lac  black  surface  (Fig.  9)  the  reflectance  (relative  to  MgO) 
is  from  90  to  100  percent  except  in  the  wavelength  region  where  the  absorp¬ 
tion  band  occurs. 

In  the  previously  mentioned  article  by  Leighton  and  Murray,  it  was 
also  pointed  out  that  the  reflectance  of  CO2  frost  may  depend  on  the 
irradiation  incidence  angle.  However,  the  reflectance  values  used  in  that 
investigation  were  for  normal  irradiation.  In  the  present  experiments 
for  CO2,  it  was  found  that  for  a  deposit  1.  83  mm  thick  the  reflectance 
for  irradiation  at  an  angle  of  60  deg  was  at  least  15  percent  greater  than 
for  near-normal  irradiation. 
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Keegan  and  Weidner  (Ref.  2)  have  also  investigated  frost  reflec¬ 
tances  for  "fingerprinting"  the  clouds  of  Venus.  Their  measurements 
were  made  on  various  types  of  frosts  which  were  formed  at  atmospheric 
pressure.  These  measurements  were  made  for  wavelengths  between 

2.  5  and  20  p ,  and  in  so  doing,  the  absorption  bands  and  characteristic 
spectra  in  the  infrared  were  obtained.  The  results  obtained  in  the 
present  investigation  for  the  visible  and  near-infrared  region  could  be 
used  as  a  supplement  to  the  infrared  measurements.  Strong  (Ref.  3) 
compared  the  data  of  Keegan  and  Weidner  with  data  obtained  from 
balloon-telescope  flights  made  in  1964.  He  concluded  that  the  clouds  of 
Venus  were  composed  of  ice  crystals.  Assuming  Strong's  conclusion 
to  be  correct,  then  any  reflectance  data  which  he  may  have  obtained  in 
the  0.  8-  to  1. 2-p  region  might  exhibit  the  considerable  absorption  which 
was  observed  in  some  of  the  present  experiments  on  the  H2O  frosts. 


SECTION  VII 
CONCLUSIONS 


From  the  results  presented  for  the  radiative  properties  of  H2O  and 
COg  cryode posits  formed  on  Cat-a-lac  black  paint  and  polished  copper 
surfaces,  the  following  conclusions  can  be  made  for  wavelengths  between 
0.  36  and  1.  15  p . 

1.  For  either  an  H2O  or  CO2  cryodeposit  thickness  of  from 
1  to  2  mm,  the  spectral  reflectance  of  a  black  painted 
surface  will  be  increased  by  a  factor  of  from  15  to  20. 

2.  In  general,  for  the  same  deposit  thickness,  the  reflec¬ 
tance  of  the  H2O  cryodeposit  will  be  greater  than  that 
of  the  CO2  deposit. 

3.  For  near-normal  incidence,  the  reflectance  of  an  HgO 
deposit  on  Cat-a-lac  black  reaches  a  plateau  of  from 
85  to  100  percent  (relative  to  MgO).  For  C02  this 
reflectance  plateau  is  from  65  to  75  percent.  The  calcu¬ 
lated  deposit  thickness  at  which  this  plateau  occurs  is 
between  1.0  and  2.0  mm, 

4.  The  CO2  deposit  reflectance  is  more  dependent  on  the 
angle  of  incidence  than  is  the  reflectance  of  the  H2O 
deposit. 

5.  For  H2O  deposits  formed  at  high  flow  rates,  strong 
absorption  was  observed  in  the  wavelength  region  from 
0.8  to  1,  1  p.  This  effect  may  be  caused  by  the  deposit 
being  formed  at  a  higher  chamber  pressure,  which  results 
in  different  crystalline  formations. 
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6.  Using  the  computer  program,  the  total  reflectance  was 
calculated  for  an  H2O  cryodeposit  which  had  a  strong 
absorption  region.  The  total  reflectance  for 
0.36<A<1.15p  was  found  to  be  80  percent.  Similarly, 
the  CO2  deposit  was  found  to  have  a  total  reflectance  of 
67  percent.  Seventy-one  percent  of  the  radiant  energy 
flux  emitted  from  a  6000°K  blackbody  is  within  this  wave¬ 
length  range. 

7.  The  CO2  and  H2O  frost  reflectances  measured  in  the 
present  experiments  may  be  useful  in  planetary  environ¬ 
ment  studies. 

8.  The  reflectance  of  Cat-a-lac  black  and  copper  substrates 
will  exhibit  interference  patterns  for  thin  films  of  cryo¬ 
deposit.  It  may  be  possible  to  utilize  this  phenomenon 
for  in  situ  optical  thickness  measurement  of  thin  cryo¬ 
deposit  films. 
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Fig.  1  Angular-Hemispherical  Technique 
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Fig.  2  Twelve-Inch  Integrating  Sphere  System 
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Fig.  3  Integrating  Sphere  and  Pumping  System 
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Cryodeposit  -  Water 
Substrate  -  Cat-A-Lac®  Black 
Flow  Rate  - 1.01  x  10"3  gm/sec 
Angle  of  Incidence  -  =  0  deg 


Reflectance  (Relative  to 
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Fig.  6  Reflectance  of  Water  Cryodeposits  on  Cat-a-lac  Black,  t!/  =  20  deg 
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Cryodeposit  -  Carbon  Dioxide 
Substrate  -  Cat-A-Lac®  Black 
Flo1//  Rate  - 1. 01  x  10"^  gmfsec 
Angle  of  Incidence  -  3  40  deg 


Reflectance  (Relative  to  MgO),  percent 
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Fig.  8  Reflectance  of  Wafer  Cryodeposits  on  Cat-a-loc  Black,  tjj  =  60  deg 
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0.3  0.4  0.5  0.6  0.7  0.8  0.9  1.0  1.1  1.2 

Wavelength,  p 

Fig.  9  Reflectance  of  Water  Cryodeposits  on  Cot-o-lac  Block,  with 
Absorption,  w  =  20  deg 
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Fig.  10  Reflectance  of  Water  Cryodeposits  on  a  Copper  Substrate,  with 
Absorption,  ip  =  20  deg 
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Fig.  12  Reflectance  of  Water  Cryodeposits  on  Cot-a*lac  Black,  Weak 
Absorption,  ip  =  0  deg 
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Fig,  17  Reflectance  of  Carbon  Dioxide  Cryodeposits  on  a  Copper  Substrate,  i!/  =  20  deg 
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Fig.  18  Reduction  in  Reflectance  of  Cat-a-lac  Black  during  Cooldown  of  Test  Surface 
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Fig.  19  Reflectance  Patterns  for  a  Thin  Film  of  CO2  Cryodeposit 
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Fig.  20  Spectral  Distribution  of  Reflected  Energy  from  H2O  and  CO2  Cryodeposits 
1.83  mm  Thick  Assuming  a  6000°K  Blackbody  Source  (tA  =  0  deg) 
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APPENDIX  II 

METHODS  OF  CALCULATION 


The  monochromatic  radiant  energy  flux  emitted  by  a  blackbody  at 
temperature  T  is  given  by  Planck's  spectral  emittance  equation 
(Kef.  12) 

E(A,T)  =  iSL 


hP  \~s 

'fe)"1  (II- 1) 


where  c  is  the  velocity  of  lignt,  h  is  Planck's  constant,  and  k  is  the 
Boltzmann  constant.  In  this  relation  the  constants  2-nb.c^  and  hc/k  are 
respectively  referred  to  as  and  C2»  and  their  respective  numerical 
values  are  3.  7413  x  lCT-^  w-cm2  and  14,  388  /u-°K.  To  obtain  the 
radiant  energy  flux  emitted  by  a  blackbody  within  a  particular  wave¬ 
length  interval,  it  is  necessary  to  integrate  the  Planck  equation  in  the 
following  manner: 


J  (A„  K,  T) 


C,  A-5  d  A 


(II- 2) 


The  fraction  of  the  total  radiant  energy  flux  which  is  contributed  by  the 
wavelength  interval  from  Aj  to  A 2,  f(Ai2),  can  be  found  from  the 
relation 


f(A„) 


ctA~~5d  A 

Ji.1  p(c2/At)"'-T 


C|  A  d  A 

exp  (C2/ AT)  —  1 


(II- 3) 


In  evaluating  f(Ai2),  the  integrals  are  more  conveniently  handled  if  the 
change  of  variable 


X 


<h_ 

At 


(11-4) 


is  introduced.  Equation  (II- 3)  can  then  be  written  as 


Kx,-) 


fi!_a  A 

Jt)  C*  ~  ] 


(II- 5) 


where  f(xi)  now  represents  that  fraction  of  the  total  radiant  energy  flux 
which  lies  between  x  -  0  and  xi.  These  values  of  x  correspond  to  a  wave¬ 
length  interval  from  A  =  ®  to  A-p  For  further  convenience  the  function 
F(xj)  is  defined  such  that 

Fix,)  =  1  -  f (x j)  (II- 6) 
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Then  F(x^)  obviously  represents  that  fraction  of  the  total  radiant  energy 
flux  which  lies  between  wavelength  0  and  A},  Using  this  function,  the 
fraction  of  the  total  radiant  energy  flux  which  lies  between  Ai  and  A 2 
can  now  be  expressed  as 

f(A12)  =  F(x2)  -  F(x,)  (II- 7) 

In  Ref.  11  the  function  F(xi)  is  computed  for  values  of  x  between  0.7  and 
36  -in  small  intervals  of  x.  It  is  also  shown  that  a  curve  fit  can  be  obtained 
for  the  function  F(xj).  This  curve  fit  is  expressed  as 

F(x)  =  e-Max’  +  bxJ  +  cx  +  d)  (n‘8> 

where  the  constants  have  the  values 

a  =  0. 15773679 
b  =  0.  41286694 
c  =  1.  0823067 
d  -  0. 97180652 

In  the  computer  program  the  radiant  energy  flux  within  very  small  intervals 
was  calculated  using  Eq.  (II-8).  For  each  A  and  A  +  A  A,  a  corresponding 
x  and  x  +  Ax  can  be  found  from  Eq.  (II-4).  The  fraction  of  the  total  energy 
within  the  wavelength  interval  A  A  can  then  be  found  from  F(x  +  Ax)  -  F(x). 

For  example,  consider  the  radiation  energy  flux  in  the  wavelength 
interval  from  0.36  to  1.  15  p .  Assuming  a  6000°K  blackbody  source  and 
using  Eq.  (II -4) ,  x  =  6.  6983  for  A  =  0.  36  p  and  x  =  2.  0852  for  A  =  1.15  p. 
Substituting  these  x  values  into  Eq.  (11-8)  yields  F(2.  0852)  =  0.  802  and 
F(6.  6983)  =  0.091.  These  results  indicate  that  9.  1  percent  of  the  total 
energy  from  a  6000°K  blackbody  is  of  wavelengths  less  than  0.  36  p  and 
80.  2  percent  of  this  energy  is  of  wavelengths  less  than  1.  15  p.  There¬ 
fore,  from  Eq.  (II- 7),  approximately  71  percent  of  this  energy  is  within 
the  wavelength  range  from  0.36  to  1.15p. 
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patterns  were  observed.  A  computer  program  was  written  to  calculate 
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The  reflectance  data  obtained  in  the  present  experiments  may  be  useful 
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